The effects of Zr and C additions on the magnetic properties and microstructures of melt-spun Nd 8 Fe 85Àx Zr x B 7Ày C y (x ¼ 0{3; y ¼ 0; 1) alloy ribbons were investigated. The cooling rates of melts and the heat treatment conditions were varied to optimize the hard magnetic properties. The C addition improved remanence and the Zr addition suppressed the undesirable crystallization of Nd 2 Fe 17 C x during heat treatment. The ðBHÞ max of 135 kJ/m 3 was obtained for an optimally heat-treated Nd 8 Fe 83 Zr 2 B 6 C 1 ribbon.
Introduction
Nd-Fe-B-based nanocomposite magnets have received considerable interest in recent years for their potential to achieve the high energy product ðBHÞ max that was theoretically predicted to be comparable to that of sintered Nd-Fe-B magnets. 1) Although the predicted high value of ðBHÞ max has not been achieved yet due to the isotropic feature of the nanocomposite microstructures, the nanocomposite magnets have many other advantages such as high remanence, corrosion resistance, easy processability and low cost.
Microalloying is effective in controlling the microstructure that determines the magnetic properties. Among various microalloying elements, Zr addition is known to decrease the grain size, thereby improving the coercivity. [2] [3] [4] Substition of C with B is known to be effective in improving the intrinsic hard magnetic properties of the Nd 2 Fe 14 B phase. The Nd 2 Fe 14 C compound has higher magnetocrystalline anisotropy than that of Nd 2 Fe 14 B compound. 5) There is a report that the substitution of C for B improves the hard magnetic properties. 6) In addition, C addition promotes the crystallization of -Fe, resulting in high remanent magnetization. 7) Although the beneficial effect of C substition for B in Nd2Fe14B is known, little work has been done on the effects of C addition in the composition region that forms nanocomposite magnets. 8) In our previous paper, 9) we have reported that the C addition compensates the decrease of remanence caused by the addition of Zr, and the ðBHÞ max of 145 kJ/m 3 was achieved in the as melt-spun Nd 10 Fe 80 Zr 3 B 6 C 1 ribbon. However, the alloy is not suitable for the industrial application because the control of the magnetic properties of the as melt-spun ribbon is not easy. In addition, since the Nd content of this alloy is higher than that of the typical -Fe/Nd 2 Fe 14 B nanocomposite magnets, Nd 8 Fe 87 B 5 , more attempts should be made to explore the possibility of achieving a high energy product in a lower rare earth composition for a lower cost.
In this work, we have investigated the effect of Zr and C additions on the microstructure and magnetic properties of Nd 8 Fe 85 B 7 based alloys containing Nd less than that for the Nd 10 Fe 80 Zr 3 B 6 C 1 alloy. The optimum conditions of meltspinning and subsequent post-annealing have been sought to improve the hard magnetic properties of the -Fe/Nd 2 Fe 14 B nanocomposite.
Experimental Procedure
Alloy ingots with nominal compositions of Nd 8 Fe 85Àx -Zr x B 7Ày C y (x ¼ 0{3; y ¼ 0; 1) were prepared by arc melting. Rapidly solidified ribbons were prepared by a single roller melt-spinning apparatus under an argon atmosphere of 70 kPa. The cooling rates of the melts were varied by changing the wheel surface velocity of the Cu roll from 5 to 50 m/s. The ribbon samples were heat-treated in vacuum-sealed quartz tubes in the temperature range from 753 to 1003 K for 600 s.
Magnetization curves were measured by a vibrating sample magnetometer (VSM) at room temperature. The external magnetic field was applied along the longitudinal direction of the ribbons; therefore, the demagnetization effect was neglected. Magnetization vs. temperature curves were also measured from room temperature to 1023 K. The constituent phases in the samples were examined by an X-ray diffractometer with a Cu target. Conventional transmission electron microscope (TEM) observations together with energy filter elemental mapping were carried out using a Gatan Imaging Filter (GIF) on a JEOL JEM-2010F electronmicroscope. The specimens for TEM observations were prepared by ion milling using a Gatan Precision Ion Polishing System.
For derivation of the value of the maximum energy products ðBHÞ max , we used the value 7.6 g/cm 3 for the density of the samples, measured by an Archimedes method. Figure 1 shows demagnetization curves of Nd 8 Fe 85Àx -Zr x B 7Ày C y (x ¼ 0; 2; 2:5; y ¼ 0; 1) alloys optimally quenched, where the ðBHÞ max of the alloy reached the peak value by changing the wheel surface velocity. The optimal conditions of the velocity are shown in the figure. The remanence, M r , of the samples containing 1 at% C is higher than that of the Cfree samples. With increasing Zr content x, the coercivity i H c is improved from 4.9 kOe for Nd 8 Fe 85 B 6 C 1 to 6.5 kOe for Nd 8 Fe 82:5 Zr 2:5 B 6 C 1 . Note that the decrease of M r by the addition of Zr is not so significant compared to the previous reports on C-free alloys. 10) Figure 2 shows the magnetization vs. temperature curves for the same Nd 8 Fe 85Àx Zr x B 7Ày C y samples as for Fig. 1 , measured with a magnetic field of 10 kOe. The magnetization above the Curie temperature (583 K) of the Nd 2 Fe 14 B phase of the C-containing samples are larger than that of the C-free samples. This suggests that the fraction of -Fe is larger in the C-containing alloy. In contrast, the Zr addition apparently decreases the fraction of -Fe and increases that of Nd 2 Fe 14 B as shown in Fig. 2 .
Results and Discussion

Effects of Zr and C additions for as-spun state
The detailed measurements of the lattice parameters of the as melt-spun samples containing Zr in our previous paper 11) have shown that Zr atoms occupy the Nd sites in the Nd 2 Fe 14 B compound. Since Zr atoms are presumed to behave like Nd atoms, the volume fraction of the Nd 2 Fe 14 B phase is expected to increase by the addition of Zr. This may be the reason for the increase in i H c by the addition of Zr. The occupation of Zr, a nonmagnetic element, at Nd sites in Nd 2 Fe 14 B will cause the decrease in i H c , since it lowers the Curie temperature 11) and probably decreases the magnetic anisotropy of the phase. In the present alloys, the effect on i H c of the increase in volume fraction of the phase may exceed in the negative effect of the change in intrinsic properties of the phase.
A suitable balance of coercivity and remanent magnetization was established in the Nd 8 Fe 83 Zr 2 B 6 C 1 (x ¼ 2=y ¼ 1) alloy, and ðBHÞ max of 122 kJ/m 3 was obtained in the as melt-spun ribbon at a wheel surface velocity of 13 m/s. From the analysis of the magnetization vs. temperature curve of Nd 8 Fe 83 Zr 2 B 6 C 1 (x ¼ 2; y ¼ 1) by assuming that the curve is composed of two Brillouin functions with different Curie temperatures, the ratio of the volume fractions of the Nd 2 Fe 14 B and -Fe phases was estimated to be 3.5:1, considering the difference in the density of the two phase. Figure 3 shows the X-ray diffraction patterns of the Nd 8 Fe 85 B 6 C 1 ribbon that was melt-spun at a wheel surface velocity of 30 m/s and those of subsequently annealed samples at the temperatures ranging from 773 to 903 K. Each sample was isothermally annealed for 600 s. The as meltspun sample with a slower cooling rate (17 m/s) consists of mainly -Fe and Nd 2 Fe 14 B phases (not shown). On the other hand, the Nd 2 Fe 17 C x phase (x ¼ 0:5{1:0) 12) is observed in the annealed samples after the primary crystallization of -Fe.
Influence of C additions in annealed alloys
7)
At 903 K, the Nd 2 Fe 14 B phase was formed at the expense of the Nd 2 Fe 17 C x phase. Figure 4 shows the demagnetization curves of the Nd 8 Fe 85 B 6 C 1 ribbon that was melt-spun at a wheel surface velocity of 17 m/s and the one post-annealed at 963 K for 600 s after melt-spinning at a velocity of 18 m/s. The latter sample was partly crystallized in the as melt-spun condition. The squareness and i H c were smaller in the post-annealed sample than those of optimally melt-spun ribbons. In this sample, the high temperature at 963 K was required to obtain hard magnetic properties because the Nd 2 Fe 14 B phase was formed by the transformation of the Nd 2 Fe 17 C x phase. Since this high annealing temperature causes rapid grain growth of -Fe and Nd 2 Fe 14 B, the exchange coupling between the two phases was presumably weakened, resulting in the decrease of the squareness and i H c as shown in Fig. 4 . Figure 5 shows crystallization diagram of the Nd 8 Fe 85Àx -Zr x B 6 C 1 alloys. Amorphous precursors obtained by meltspinning were annealed for 600 s in the temperature range from 773 to 963 K. From the figure, one can see that the Nd 2 Fe 17 C x phase is formed between 803 and 893 K in the specimen without Zr(x ¼ 0), and between 853 and 893 K in the specimen with x ¼ 1. On the other hand, the crystallization of the Nd 2 Fe 14 B phase occurs only above 853 K. The crystallization of the soft Nd 2 Fe 17 C x phase provides unfavorable influence on magnetic properties. 2 at% Zr addition raises the crystallization temperature of the alloys, and Nd 2 Fe 14 B and -Fe phases form on crystallization above 853 K. The alloy containing 2 at% Zr does not form the Nd 2 Fe 17 C x phase. Figure 6 shows the coercivity and remanent magnetic flux density (B r ) of optimally quenched and annealed Nd 8 -Fe 85Àx Zr x B 6 C 1 alloys. In the samples containing 1.5 at% Zr or more, the coercivity, i H c and ðBHÞ max were improved by the optimal heat treatment. Magnetization vs. temperature curves of Nd 8 Fe 85 B 6 C 1 are shown in Fig. 7 . The magnetization of the annealed samples above the Curie temperature (583 K) of the Nd 2 Fe 14 B phase are larger than that of C-free samples, suggesting that the fraction of -Fe increased in the annealed sample and the fraction of the Nd 2 Fe 14 B phase decreased. These samples needs to be annealed at higher temperature so that the Nd 2 Fe 17 C x phase transforms to the Nd 2 Fe 14 B phase. This high temperature annealing promotes the crystallization of -Fe so the fraction of -Fe increased. Figure 8 shows the demagnetization curves of optimally quenched and annealed Nd 8 Fe 85Àx Zr x B 6 C 1 alloy. Since the Zr addition to the C-containing alloys suppresses the crystallization of Nd 2 Fe 17 C x , i H c of the Zr containing alloy is substantially higher than that of the Zr-free alloy. With appropriate balance between remanence and coercivity, ðBHÞ max of 135 kJ/m 3 was obtained from the optimally annealed Nd 8 Fe 83 Zr 2 B 6 C 1 alloy.
Effect of combined addition of Zr and C in annealed samples
Microstructural analysis
Figures 9(a)-(c) shows bright-field TEM micrograph together with corresponding selected area diffraction pattern and energy filtered images of (b) iron and (c) neodymium of the optimally quenched Nd 8 Fe 83 Zr 2 B 6 C 1 sample. From Fig. 9(a) , one can notice that the grain sizes are bimodally distributed: the diameter of the smaller grains are approx- Fig. 9(a) ), the exchange coupling between the soft and hard magnetic phases is thought to be enhanced, which leads to improved magnetic properties (Fig. 8) .
The variation of ðBHÞ max of the as-quenched and subsequently optimally annealed samples are shown in Fig. 12 as a function of the initial wheel surface velocity of meltspinning of the Nd 8 Fe 83 Zr 2 B 6 C 1 alloy. When wheel surface velocity is lower than 13 m/s, the values of ðBHÞ max do not change much even after annealing. However, the ðBHÞ max values of the as melt-spun samples become substantially lower when wheel surface velocity exceeds 13 m/s, because as melt-spun ribbons contain a large fraction of amorphous phase at the fast cooling rates. The ðBHÞ max values of the samples melt-spun at wheel surface velocities of 13.5 to 17 m/s become higher after annealing. In contrast, ðBHÞ max of the samples melt-spun at wheel surface velocity of faster than 20 m/s was very low even after annealing, because the as melt-spun ribbons become fully amorphous. Figure 13 shows bright-field TEM micrographs together with corresponding selected area diffraction patterns of the Nd 8 Fe 83 Zr 2 B 6 C 1 sample annealed at 923 K after meltspinning at wheel surface velocity of 20 m/s. From the figure, one can see that, the grain size is as large as 100 nm. This is the reason why good hard magnetic properties were not obtained from fully amorphous ribbons prepared at a wheel surface velocity faster than 20 m/s. In contrast, the melt-spun ribbons prepared at roll surface velocity of 13.5-17 m/s were partially crystallized. It is presumed that a large number of Nd 2 Fe 14 B nanocrystals were formed during solidification. Therefore, the samples annealed from partly crystallized precursors have refined microstructure as reported prevoiusly by Wu et al. shows that the grain size is about 20 to 50 nm. As mentioned above (Fig. 5) , this alloy needed to be annealed at a higher temperature (900 K) so that the Nd 2 Fe 17 C x phase transforms to Nd 2 Fe 14 B. As a result, the rapid grain growth of the latter phase occurred. From the energy filtered images (b) and (c), it is clearly seen that Nd-enriched and Fe-depleted grain boundary phase is present between the grains of the two 
Summary and Conclusions
The effects of Zr and C additions on the magnetic properties and microstructures of as melt-spun and postannealed Nd 8 Fe 85Àx Zr x B 7Ày C y (x ¼ 0{3; y ¼ 0; 1) alloys were investigated.
For the as melt-spun ribbons: (1) Zr addition improves coercivity: from 4. 
